Clostridium perfringens enterotoxin (CPE) causes food poisoning and antibiotic-associated diarrhea. It uses some claudin tight junction proteins (eg, claudin-4) as receptors to form Ca 2+ -permeable pores in the membrane, damaging epithelial cells in small intestine and colon. We demonstrate that only a subpopulation of colonic enterocytes which are characterized by apical dislocation of claudins are CPE-susceptible. CPE-mediated damage was enhanced if paracellular barrier was impaired by Ca 2+ depletion, proinflammatory cytokine tumor necrosis factor α, or dedifferentiation. Microscopy, Ca 2+ monitoring, and electrophysiological data showed that CPE-mediated cytotoxicity and barrier disruption was limited by extent of CPE-binding. The latter was restricted by accessibility of non-junctional claudin molecules such as claudin-4 at apical membranes. Focal-leaks detected in HT-29/B6 colonic monolayers were verified for native tissue using colon biopsies. These mechanistic findings indicate how CPE-mediated effects may turn from self-limiting diarrhea into severe clinical manifestation such as colonic necrosis-if intestinal barrier dysfunction, eg, during inflammation facilitates claudin accessibility.
Although pathogenesis of the widespread Clostridium perfringens type A foodborne illness is multifactorial [1] [2] [3] , C perfringens enterotoxin (CPE) is responsible for gastrointestinal symptoms [4, 5] . Furthermore, CPE plays a role in antibiotic-associated diarrhea [4, 6] and may contribute to necrotizing enteritis [1] .
Clostridium perfringens enterotoxin belongs to the β-pore-forming toxins [7, 8] . As host cell receptors, CPE exploits some (eg, claudin-3, -4, -7) but not all (eg, claudin-1, -5) claudins-a family of tetraspan membrane proteins (Cldn1-27), which are key components of tight junctions (TJs) [9] [10] [11] [12] [13] . TJs form the most apical cell-cell contacts between neighboring cells in epithelial monolayers lining the luminal surface of the intestine. They regulate paracellular permeability and act as barrier, which restricts diffusion of substances and entrance of pathogens across epithelia. TJ strands-constituted by claudins-form a belt-like size-and charge-selective barrier around cells and maintain polarity of epithelial cells by separating an apical versus basolateral membrane compartment [14] .
Clostridium perfringens enterotoxin-mediated cytotoxicity starts with CPE binding to claudins via its C-terminal domain (cCPE) [12] . Upon binding, CPE-claudin complexes rapidly oligomerize into a large sodium dodecyl sulfate (SDS)-resistant ~450 kDa complex ("CH-1", apparent molecular weight [MW] ~155 kDa), capable of forming a β-barrel pore in host cell membranes [15] . This allows rapid influx of Ca 2+ , leading to cell death [16, 17] . Prolonged exposure results in a ~600 kDa SDS-resistant complex ("CH-2", apparent MW ~200 kDa) [15] .
In particular, the small intestine [18, 19] , but also the colon, was found to be sensitive for CPE [20] . In vitro, CPE effects on epithelial cells were extensively investigated in Caco-2 cells [15, 16, 21] . Albeit colon-derived, this cell line displays properties of small intestinal epithelium [22] . To address CPE effects on a more colon-like epithelial model, we used HT-29/B6 cell monolayers, which differentiate on filter supports into fully polarized cells with a tight epithelial barrier [23] . We show that susceptibility of colon epithelial cells to CPE is strongly restricted by the accessibility of claudins as receptors.
METHODS

Plasmids
For expression as N-terminal 6xHis-fusion, CPE cDNA was subcloned from vector pCpG-optCPE [24] into pTrcHis-TOPO using pTrcHis-TOPO TA kit (Invitrogen). Site-directed mutagenesis to generate CPE-Y306A/L315A was performed as described [25] .
For primers for mutagenesis and subcloning, see Supplementary Methods. Plasmid pGEX-4T1-CPE194-319 carrying cCPE with N-terminal glutathione S-transferase (GST) fusions was described previously [25] .
Expression and Purification of Clostridium perfringens Enterotoxin (CPE)
and cCPE Constructs 6xHis-CPE was expressed in Escherichia coli TOP10 (Life Technologies) and purified from lysates using Ni-NTA Agarose. For negative control ("vec"), preparations from bacteria transformed with vector containing CPE insert in antisense-and thus not expressing any CPE-were carried out in parallel. For details, see Supplementary Methods. The GST-cCPE constructs were expressed and purified as described previously [25] .
Cell Culture
The human colonic cell line HT-29/B6 was cultured and-for full differentiation-seeded on Millicell PCF filters (effective area, 0.6 cm 2 ; 3-μm pores [Millipore]) as described elsewhere [26] , and HT-29 cells were handled similarly but cultivated in minimal essential medium (10% fetal calf serum; 1% penicillin/streptomycin). Pretreatment of cells with ethylene glycol tetraacetic acid (EGTA) was performed in HEPES/Ringer buffer containing 2 g/L glucose, 1% (penicillin/streptomycin), overnight treatment (15-18 h) with tumor necrosis factor (TNF)α in standard medium. For 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotoxicity assay and measurement of Ca 2+ influx, 5 × 10 4 cells per well were seeded on 96-well plates, and assay was performed on day 3.
Ussing Chamber Experiments
Experiments to assess (1) changes in transepithelial resistance (TER) and (2) fluorescein permeability were performed in Ussing chambers, as described previously [26] .
MTT Cytotoxicity Assay
Cells were incubated at 37°C, in 5% CO 2 for 1 hour, with variable dilutions of CPE preparations or 0.01% (v/v) Triton X-100 (background correction) before medium was replaced by medium without phenol red containing 1.25 mM MTT. After an additional 2-hour incubation, cells were treated with 5% (v/v) Triton X-100 in 2-propanol for 20 minutes, and absorption was measured at 560 nm. The half-maximal effective concentration (EC 50 ) values were calculated from these data using GraphPad Prism software (for details, see Supplementary Methods).
Lactate Dehydrogenase-Cytotoxicity Assay
Cells grown on filter supports were incubated with 30 nM CPE-wt, CPE-Y306A/L315A, or vector (1 hour at 37°C) in HEPES/Ringer buffer (containing 2 g/L glucose, 1% penicillin/streptomycin). Apical and basal culture supernatant was collected and combined at a 1:1 ratio. After centrifugation (10 minutes, 10 000 × g), lactate dehydrogenase (LDH) activity in supernatants (diluted 1:1) was determined using Cytotoxicity LDH Assay Kit-WST (Dojindo Laboratories).
Measurement of Clostridium perfringens Enterotoxin-Induced Ca 2+ Influx
Measurements were performed using Fura-2-acetoxymethyl ester (Fura-2-AM) as recently described [27] .
Cell Lysis, Dot Blot, and Western Blot Cells (1.5 × 10 5 ) were seeded on 12-well plates. The following day, cells were treated with CPE or controls (1 hour), collected and lysed in 25 µL buffer (1% n-dodecyl-β-d-maltoside in NativePAGE Sample Buffer [Invitrogen]), and sonicated in an ultrasonic bath (1 minute, on ice). After 20 minutes (on ice), cell debris were removed by centrifugation (20 minutes; 17 800 × g; 4°C). Lysate (20 µL) was subjected to 10% SDS-polyacrylamide gel electrophoresis (PAGE) followed by Western blot analysis.
For dot blots, cells were detached using trypsin and washed once with fresh medium. Cells (5 × 10 6 ) in 1 mL medium were incubated with CPE or controls with shaking at 37°C. Afterwards, cells were lysed in 62.5 µL lysis buffer and 5 µL lysate in 50 µL Tris-buffered saline with Tween 20 blotted on a polyvinylidene difluoride membrane using Bio-Dot Microfiltration System (Bio-Rad). For antibodies, see Supplementary Methods.
Microscopic Analysis of Fixed Cells and Human Colon Tissue
Cells grown on filter supports or human colon biopsiesmounted on plastic supports-were treated for 1 hour at 37°C apically or basally with CPE or cCPE in HEPES/Ringer (containing 2 g/L glucose, 1% penicillin/streptomycin) or Ringer solution, respectively. After treatment, cells and tissues were fixed and stained as described previously [26, 28] . To stain nuclei, 1 μg/mL 4' ,6-diamidino-2-phenylindole (DAPI) was used, and in tissues cytoskeletal F-actin was stained with AlexaFluor 647-Phalloidin (Invitrogen). For antibodies, see Supplementary Methods. Finally, cells or tissues were imaged using an LSM780 confocal microscope (Zeiss, Jena, Germany).
For quantification of images, maximum projections of z-stacks spanning cell layers from apical to basal side were analyzed using ZEN software (Zeiss). To determine cCPE-binding and cell loss, cCPE-or DAPI-positive pixels above a threshold were determined using the colocalization tool. Threshold was kept constant, and values were normalized for each independent experiment as given in figure legends. Size of CPE-positive lesions were determined after manually marking single lesions with "Closed Bezier" graphic tool. Areas lacking DAPI signal and showing a clear CPE stain at at least 1 edge were defined as CPE-positive lesion. Leaks <65 μm 2 (average size of nucleus) were excluded.
Live Cell Imaging
Live cell imaging was performed as described previously [27] . In brief, cells grown on inverted filter supports were loaded (1 h) with Ca 2+ -sensitive dye Fluo-4-acetoxymethyl ester ([Fluo-4-AM] 4 µM; Invitrogen) and Hoechst 33342 nucleic stain. CellMask Deep Red plasma membrane stain (Invitrogen) was added 5 to 10 minutes apically or basally. After washing, CPE (wt or Y306A/L315A) was applied apically or basally, and images taken every 1 to 2 minutes.
Statistics
Data are expressed as mean ± standard error of the mean. To test for statistical significance, we used 2-tailed t test and Bonferroni-Holm adjustment for multiple comparisons, if not stated otherwise.
Use of Human Material
For use of human material, this study adhered to Declaration of Helsinki. Ethics approval for research was obtained from Ethics Committee of Charité Berlin (approval number EA4/123/09). All involved patients signed written informed consent forms. Children were not included. First, we aimed to address CPE sensitivity of HT-29/B6 colon cells and the mechanism involved. To demonstrate claudin dependence of CPE effects, we mutated residues Tyr306 and Leu315, shown to be important for claudin binding in cCPE [25, 29] . Although CPE-wt bound to the cells, CPE-Y306A/ L315A did not ( Figure 1A , dot-blot). Therefore, CPE-Y306A/ L315A was used as binding-deficient negative control in further experiments. The CPE-wt but not CPE-Y306A/L315A formed oligomers (>170 kDa) upon binding (10% SDS-PAGE) ( Figure 1A ) and led to a pronounced increase in intracellular Ca 2+ ( Figure 1B ) and cell death ( Figure 1C and D). To confirm Ca 2+ influx through active CPE pores as mechanisms of cytotoxicity, we investigated CPE effects in the presence of Zn 2+ -an inhibitor of cation pores capable of blocking CPE effects [30, 31] . Zn 2+ completely abrogated CPE effects downstream of pore formation (Ca 2+ influx and toxicity) ( Figure 1B and D) but not upstream of pore formation (binding and oligomerization) ( Figure 1A ). These results demonstrate that CPE damages HT-29/B6 human colonic epithelial cells by claudin-dependent formation of Ca 2+ -permeable oligomeric pores.
RESULTS
Clostridium perfringens
Clostridium perfringens Enterotoxin-Induced Damage of HT-29/B6 Cell Barrier Is Limited After Apical Application
To investigate the effect of CPE on barrier properties of colonic epithelium, we used fully differentiated HT-29/B6 cell layers and measured CPE-induced changes in TER ( Figure 2A ) and passage of fluorescein ( Figure 2B )-a marker (332 Da) for paracellular permeability-across the cell layer. Compared with control treatment (CPE-Y306A/L315A and vector), 1-hour incubation with apically applied CPE-wt, mimicking the in vivo situation with luminal CPE, reduced TER to 76% ± 7% of its initial value. Paracellular fluorescein permeability for CPE-wt was slightly higher compared with CPE-Y306A/L315A. However, this did not reach significance. For other epithelial cell lines, the basal side was reported to be more sensitive towards CPE [21] ; therefore, we also tested basal treatment. Basal application caused a strong decrease in TER (26% ± 9% of initial value) and strong increase in fluorescein permeability (Figure 2 ).
Clostridium perfringens Enterotoxin Causes Focal Damage to HT-29/B6 Colonic Epithelial Cells
The effect of CPE on integrity of fully polarized HT-29/B6 cell layers was investigated by confocal laser scanning microscopy (LSM). The CPE-positive focal lesions were visible after apical treatment with CPE-wt ( Figure 3A) but not CPE-Y306A/L315A ( Figure 3B ). Lesions appeared to be rare in CPE-wt, and lesion area was quantified from microscopic images to be 3.9% ± 0.9% of the cell layer. Some colocalization of CPE and tight junctional marker zonula occludens-1 (ZO1) or CPE and CPE-receptor Cldn4 was found at borders of lesions ( Figure 3A, right) . In CPE-negative cells surrounding lesions, ZO1 and Cldn4 localized at TJs, similar to that seen for negative controls ( Figure 3A and B).
After basal CPE-wt application ( Figure 3C ), CPE effects were not focal but rather homogenous: throughout the cell layer, CPE appeared in a dot-like pattern at the basal side. This CPE signal was specific because after basal treatment with CPE-Y306A/L315A, no CPE signal was detected basally ( Figure 3D ). Likewise, for apical CPE-wt application to HT-29/B6 cells, which were not fully differentiated and showed a Cldn4 signal not restricted to TJs, CPE-signal and morphologic changes were homogenous (Supplementary Figure S3) . These results indicate that extent of cell damage strongly depends on claudin accessibility.
Apical cCPE Binding Is Restricted to a Subpopulation of HT-29/B6 Cells With Nonjunctional, Apically Localized Claudin-4
To investigate CPE binding without downstream effects and cell loss, we used GST fusions of cCPE, which contains the full receptor binding site but lacks cytotoxic activity. In contrast to basal application (Supplementary Figure S4) , after apical incubation with cCPE-wt, most of the HT-29/B6 cells did not show a cCPE-signal. However, a small subpopulation strongly bound cCPE at the apical side ( Figure 4 ). These cells differed from cCPE-negative cells with respect to tight junctional marker ZO1 and CPE-receptor Cldn4: although in most of the cCPE-negative cells ZO1 and Cldn4 were similarly expressed and localized at TJs, cCPE-positive cells showed lacking or disrupted ZO1 signals as well as enhanced nonjunctional Cldn4 signal-especially at the apical side, if it were colocalized with cCPE. Nuclei of cCPE-positive subpopulation were found in a more apical z-plane than for the rest of the cell layer (Figure 4) . No cCPE was detected in control-treated cells (cCPE-Y306A/ L315A; inhibited Cldn binding). Nonetheless, a small subpopulation with disrupted tight junctional ZO1 and nonjunctional Cldn4-similar to the cCPE-positive subpopulation after cCPE-wt incubation described above-was observed ( Figure  4 ). The data show that cCPE binding is restricted to cells with nonjunctional CPE receptors.
Barrier Impairment Results in Higher Susceptibility of HT-29/B6 Cells Towards Clostridium perfringens Enterotoxin
The unaltered tight junctional ZO1-and Cldn4-signal in cCPE/ CPE-negative cells after cCPE/CPE treatment suggested that an intact TJ hinders CPE-mediated damage by preventing access to receptor claudins. Therefore, we investigated whether cCPE were measured: n ≥ 7; for Y306A/L315A, n = 4; significance against vec or as indicated; one-way analyis of variance followed by Bonferroni-Holm adjustment. ****, *** and ns are against vector control (vec). ***, P < .001, ****, P < .0001, and ####, p < 0.0001, ap-wt against bl-wt. ns, not significantly different.
binding and CPE damage are enhanced if the TJ barrier is impaired. We pretreated HT-29/B6 cells with EGTA as a barrier-perturbing agent before CPE treatment [32] . We also used proinflammatory cytokine TNFα [33] , which was described to focally enhance paracellular permeability for a 10-kD dextran-tracer molecule [32] . In addition, we tested parental cell line HT-29, which, unlike its subclone HT-29/B6, was reported to be unable to form a tight barrier [23] . As expected, pretreatment with EGTA or TNFα reduced TER of HT-29/B6 cells compared with nontreated controls ( Figure 5A ). This reduction in barrier properties was not attributable to massive cell loss (see Supplementary Figures S6 and  S7, controls) . Unlike HT-29/B6 cells, HT-29 cells cultivated at equivalent conditions did not form a barrier, as indicated by the much lower TER ( Figure 5A ).
Next, binding of cCPE to pretreated and non-pretreated HT-29/B6 cells was compared ( Figure 5B ). Although cCPE-Y306A/L315A did not bind at any of the tested conditions, the cCPE-wt-positive subpopulation increased in size, if the barrier was impaired by pretreatment with TNFα or EGTA (Supplementary Figure S6) . This resulted in an ~4-fold increase of relative cCPE-positive area ( Figure 5B ). Accordingly, sensitivity of HT-29/B6 cell layers to CPE was increased under these conditions. The CPE-mediated LDH release ( Figure 5C ) as well as cell loss ( Figure 5D )-quantified from LSM images (like those in Figure 2 and Supplementary Figure S7 )-was increased after pretreatment with TNFα or EGTA. Likewise, CPE-mediated damage was increased, if CPE was applied basally to HT-29/B6 cells or to dedifferentiated HT-29 cells. These results show that barrier impairment aggravates CPEmediated cell damage.
Clostridium perfringens Enterotoxin-Mediated Ca 2+ -Influx, Membrane
Blebbing, and Cellular Extrusion Are Restricted by Paracellular Barrier
The CPE effects on monolayers were further investigated by live cell imaging. Indicating a tight paracellular barrier for HT-29/ B6 cells CellMask membrane stain remained exclusively apical or basolateral ( Figure 6A , B, and C, left), depending on the side of application. The CPE-mediated Ca 2+ entry was visualized using Fluo-4. Membrane blebs with elevated Ca 2+ level and exfoliation of single cells were visible approximately 20 to 30 minutes after apical CPE-wt application ( Figure 6A ). These effects were only seen focally. The rest of the cells displayed neither Ca 2+ increase nor changes in apical CellMask membrane stain. Effects of basal CPE application were faster and more homogenous ( Figure 6B ). After 5 minutes, Ca 2+ levels were already elevated in several cells. Blebbing of the apical membrane started at ~7 minutes, exfoliation started at ~15 minutes, and at ~20 minutes the whole cell layer began to detach.
For HT-29 cells, which do not form a tight barrier (see Figure 5A ), apically applied CellMask membrane stain was not exclusively retained at the apical side, but it was also found at the lateral membrane ( Figure 6C, middle and right, D) . Ten minutes after CPE-wt was applied apically, elevation of intracellular Ca 2+ levels, extensive membrane blebbing, and exfoliation of single cells were already visible ( Figure 6D ). This occurred mainly at sites displaying lateral CellMask membrane stain, whereas at sites with exclusively apical CellMask membrane stain, effects were less pronounced. In sum, live cell imaging corroborated the restriction of CPE-mediated damage by TJs.
Clostridium perfringens Enterotoxin Sensitivity Is Locally Restricted in Primary Human Colon Tissue
After mucosal incubation of human colonic tissue with CPE-wt for 1 hour at 37°C, CPE binding and damaged epithelial cells were visible only focally ( Figure 7 ). Most cells were CPE negative and showed similar tight junctional ZO1 and f-actin signal as the negative control (CPE-Y306A/L315A). Hence, CPEinduced focal lesions as found in the HT-29/B6 model also occurred in primary human colonic tissue.
DISCUSSION
For a long time, sensitivity of the colon towards CPE was thought to be negligible, and research focused on small intestinal models [4, 15, 16, 18, 19, 21, 34, 35] . However, it recently became clear that the colon is also affected by CPE [20] . Consequently, the present study characterizes the pathomechanism of CPE on colon cells. Assays combining parental HT-29 and HT-29/ B6 daughter cells differing in barrier properties, cytotoxic CPE and nontoxic receptor-binding domain cCPE, as well as claudin binding-deficient CPE and cCPE mutants were used. We found that CPE sensitivity of colonic enterocytes is mainly restricted by accessibility of receptors, which is limited by intact TJs. The general mechanism of CPE-mediated cytotoxicity to HT-29/B6 cells resembles that described for Caco-2 cells TNF  --TNF  T NF  EGTA  EGTA  --EGTA  EGTA  EGTA  TNF  T NF  TNF  ------ Figures S6 and S7) . Binding is expressed as x-fold of the cCPE-wt binding to untreated cells (−). Cell loss given as percentage of maximal cell density (density of respective control condition with CPE-Y306A/L315A; binding-deficient CPE). LDH release given as percentage of maximal LDH release. If not indicated, significance against control (−): (A) n ≥ 8, (B-D) n ≥ 4; (B) one-sample t test. *, P < .05, **, P < .01, ***, P < .001, ****, P < .0001. [15, 16, 34] , a model for small intestine [22] : (1) 1-hour incubation with 30 nM CPE resulted in oligomers ( Figure 1A) corresponding to CH-2 complex also found for Caco-2 cells [15] ; (2) claudin specificity of CPE-mediated effects was demonstrated as claudin binding-deficient CPE-Y306A/L315A abrogated binding to HT-29/B6 cells ( Figure 1A , dot-blot) and downstream effects (Ca 2+ influx [ Figure 1B ] and toxicity [ Figure 1C ]); and (3) influx of Ca 2+ through a CPE pore was confirmed as trigger for cell death because pore blocker Zn 2+ inhibited Ca 2+ influx ( Figure 1B ) and cytotoxicity ( Figure 1D ).
The effect of CPE to the colonic epithelium and its barrier integrity was investigated using polarized HT-29/B6 cells. The CPE-mediated cytotoxicity ( Figure 5C ), cell loss ( Figure 5D ), Ca 2+ entry ( Figure 6A and B) , and disruption of intestinal barrier integrity-measured as drop in TER (Figure 2A ( Figure 2B )-were more pronounced after basal versus apical CPE application. Likewise, increased morphological damage and 86 Rb release have been reported for polarized Caco-2 cells after basal versus apical CPE treatment [21] . However, in these earlier studies, it remained unclear why polarized epithelial cells are less sensitive to apical CPE application. This is of pathophysiological relevance because enterocytes are exposed to CPE from the apical side after its release by sporulating bacteria in the intestinal lumen. In this study, microscopic analysis revealed that the low apical sensitivity was due to focal restriction of cell damage ( Figures 3A and 6A ) to a small subpopulation of highly CPEsensitive HT-29/B6 colon enterocytes. Although high-affinity CPE-receptor Cldn4 [10] was strongly expressed throughout HT-29/B6 cell layers (Figures 3 and 4) , cCPE ( Figure 4 ) and CPE binding (Figure 3 ) as well as CPE-mediated Ca 2+ entry, subsequent cell extrusion ( Figure 6A ), and damage ( Figure 3 ) occurred only focally. In addition, in human colonic explants treated with physiological concentrations of CPE, damage was locally restricted (Figure 7) .
Both toxic full-length CPE and nontoxic binding-domain cCPE did not bind to the majority of cells with continuous junctional ZO1 and Cldn4 but to a small subpopulation. Use of nontoxic cCPE allowed us to characterize this small CPE-sensitive cell population in more detail, because cells were not damaged and remained in the cellular layer for microscopic analysis. Nonjunctional, apically accessible receptor claudin (such as Cldn4) on the CPE-sensitive cell population was demonstrated as prerequisite for CPE binding and subsequent cell damage, because cCPE exclusively colocalized with apical Cldn4. Such an inhomogeneous distribution of TJ proteins within the monolayer is consistent with locally enhanced paracellular permeability across HT-29/B6 and other enterocyte monolayers [32] .
No focality was observed after basal CPE application to barrier-forming HT-29/B6 cells or apical CPE application to HT-29 cells lacking a tight paracellular barrier. In both cases, the whole cell layer was affected ( Figures 3C and D and 6B and D) . In addition, apical CPE treatment of not fully differentiated HT-29/B6 cells lacking an intact tight junctional barrier (in culture plates, MTT assays [ Figure 1C ]; cover slips [Supplementary Figure  S3] ) had stronger effects than that of differentiated HT-29/B6 cells (Figures 3, 5C, and 6) . Finally, TJ barrier impairment by TNFα or EGTA increased apical CPE sensitivity.
Together, these data (1) identify not simply expression but accessibility of CPE receptor claudins as determining factor for CPE sensitivity and (2) corroborate the idea that within compact TJs claudins are sterically not accessible for CPE [36] . Nonjunctional claudins seem to be mainly transported to the basolateral membrane, and lateral diffusion to the apical membrane is hindered by TJs. As a consequence, CPE released into the intestinal lumen may mainly target a subpopulation of enterocytes in which CPE receptor claudins are accessible on the apical surface due to junctional rearrangements. Para-or transcellular translocation of CPE to the basolateral surface might occur after cell damage (Supplementary Figure S8 and [37] ).
In humans [18] and rabbits [35] , especially enterocytes located at the villus tips of the small intestine were reported to be sensitive to CPE. It is interesting to note that the villus tips are sites of extensive cellular extrusions during the process of epithelial renewal [38] . Apical localization of receptor claudins-as we found to be essential for CPE action-could occur at some point of epithelial cell extrusion, because it was shown to be accompanied by extensive TJ reorganization [39, 40] . That pathogens use cell extrusion sites to gain access to otherwise basolateral and thus inaccessible receptors has been shown for Listeria monocytogenes [41] . The regulated process of extrusion or shedding of senescent cells, during which cells are shed at least partly without leaving a gap in the epithelial cell layer [39, 40, 42, 43] , would be accelerated by CPE acting on the extruding and neighboring cells, resulting in the observed massive cell loss at the villus tips into the intestinal lumen [35] .
The TNFα-induced cell shedding was suggested as a pathophysiologically relevant model of accelerated cell shedding [39] as observed in inflammatory bowel disease (IBD) [38] . We observed that pretreatment with TNFα increased cCPE-wt binding ( Figure 5B ) and accordingly sensitivity to CPE ( Figure 5C and D). Similar results were obtained by barrier impairment using EGTA pretreatment or comparison of differentiated HT-29/B6 with undifferentiated HT-29 cells (Figure 5D ). Such barrier defects induced by inflammatory processes (eg, in IBD), other toxins (eg, C perfringens β-toxin in enteritis necroticans), [1] or oxidative stress [44] could enhance CPE susceptibility and therefore further enhance barrier damage. This may result in facilitated antigen or pathogen uptake, which in turn further CPE ZO1 f-actin DAPI Y306A/L315A wt promotes inflammation as it has been implied for α-hemolysin-induced focal lesions [28] . Conversely, CPE-producing C perfringens Type A-also present in healthy/asymptomatic individuals [45] and during antibiotic-associated diarrhea [6] might promote the pathogenesis of intestinal inflammation.
CONCLUSIONS
In sum, we provide mechanistic insight suggesting that abrogation of restricted accessibility of the cellular receptors for CPE might contribute to intestinal pathology caused by synergism of C perfringens infection and inflammation or medication. One example is given by the fatal amplification of colon barrier impairment by combined action of CPE-caused food poisoning and cholinergic medication [46, 47] . The accumulated action of CPE and inflammation or medication may cause aggravation of clinical symptoms in the colon.
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